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Protein Translocation: Minireview
How Hsp70 Pulls It Off
In an alternative mode, the Sec61 protein associates
with a tetrameric Sec62/63p complex to form the SEC
complex, a channel active in posttranslational transloca-
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Fort Collins, Colorado 80523 tion (Panzner et al., 1995). In addition to stimulating
channel assembly, the Sec62/63 complex is required²Department of Molecular and Cell Biology
and Howard Hughes Medical Institute for signal sequence±mediated precursor binding by the
SEC complex and for the recruitment of an ER luminalUniversity of California
Berkeley, California 94720 heat shock 70 protein (Hsp70) called BiP, or Kar2p in
yeast (Lyman and Schekman, 1997). BiP and the SEC
complex are the only components required for translo-
cation in a reconstituted system (Panzner et al., 1995); ofA significant fraction of the proteins synthesized in a
these components only BiP consumes metabolic energycell are inserted into or transported across a membrane
by means of ATP hydrolysis that is thought to providethrough complex and energy-coupled translocation ma-
directionality to the translocation process (Matlack etchines. Each translocation machine fulfils a variety of
al., 1999).tasks. First, it must select precursors that carry the cor-
The mitochondrial envelope consists of two mem-rect targeting signal. Then, it must provide a pathway
branes. Receptors in the outer membrane serve to guidefor those precursors to cross the membrane without
the presequence of a mitochondrial precursor into ancompromising the membrane permeability barrier. Next
outer membrane pore (KuÈ nkele et al., 1998). A separatethe precursor must be actively transported from the
channel-forming unit exists in the inner membranecytoplasmic side to the trans side of the membrane.
(BoÈ mer et al., 1997). The electrochemical potentialFinally the precursor must be properly processed and, if
across the inner membrane is required for activation ofnecessary, must be assisted in folding. The best-studied
this pore and insertion of the presequence. Full translo-protein translocation systems in eukaryotes are those
cation requires the activity of a Hsp70 protein in thelocalized in the endoplasmic reticulum (ER) membrane
matrix called mtHsp70 (Voisine et al., 1999).and in the envelope of mitochondria. A central and still
Fusion proteins have been employed in the mitochon-incompletely resolved question with respect to these
drial import system to investigate the requirement fortranslocation systems is how metabolic energy is used
protein unfolding during translocation. These fusionsto drive the movement of proteins. Two models, biased
consist of a targeting sequence and a passenger protein,diffusion and an active pulling process, have been pro-
such as dihydrofolate reductase (DHFR), representingposed. Though the mechanisms are not mutually exclu-
a folded domain whose stability can be manipulated. Asive, a certain amount of heat has been generated in
fusion protein of a mitochondrial presequence withthe process of developing experimental distinctions be-
DHFR was imported by mitochondria, but the tight bind-tween the two.
ing of a ligand, which stabilizes the tertiary structure ofTranslocation Machines in the ER and Mitochondria
the DHFR moiety, blocked import yet retained the fusionMost proteins targeted to the ER and to mitochondria
protein in association with the outside of mitochondria.have cleavable amino terminal targeting sequences.
This classic experiment, performed more than a decadeThese sequences (called signal sequences for the ER
ago and since then repeated for other systems includingand presequences for mitochondria) are either directly
the ER, clearly established the notion that tightly foldedrecognized by receptors on the organelle or by cytosolic
protein domains cannot be translocated across mem-proteins that in turn have a receptor on the membrane
branes (Eilers and Schatz, 1986). Most folded proteins(reviewed by Schatz and Dobberstein, 1996).
exceed the z20 AÊ diameter of a polypeptide transloca-In the ER, the central transmembrane channel-forming
tion channel (Hanein et al., 1996; Beckmann et al., 1997;component is the evolutionarily conserved, heterotri-
KuÈ nkele et al., 1998). Thus, import substrates must bemeric, Sec61 complex which serves both co- and post-
translocated in an extended conformation and pre-translational translocation (Panzner et al., 1995). In order
viously folded domains may need to be unfolded. Thisto form a productive channel this Sec61 complex must
constraint implies that tight folding and aggregation inassociate with other factors. In the cotranslational mode
the cytosol need to be prevented. In other words theof translocation the Sec61 complex associates with ri-
precursor must be held in a translocation-competentbosomes. This association serves three functions. First,
state until folding and oligomerization takes place onthe ribosome induces or stabilizes a polar channel com-
the trans side of the membrane.prising an oligomeric form of the Sec61 complex (Hanein
The similarities between the translocation machiner-et al., 1996). Second, the stable association of the ribo-
ies in the ER membrane and in the mitochondrial innersome and the direct alignment of the peptide exit site
membrane are striking. ATP-consuming chaperones ofwith the channel ensures that nascent polypeptides will
the Hsp70 type help maintain the translocation compe-be deposited on the luminal side of the ER membrane
tence on the cytoplasmic side. In both systems interac-(Beckmann et al., 1997). Third, a tight seal between the
tions between the targeting sequence and structuralchannel and the ribosome maintains the membrane bar-
components of the channel are proposed to be involvedrier for small solutes while the protein-conducting chan-
nel is in the open conformation (Hamman et al., 1998). in opening the channel (Plath et al., 1998). Gating is
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further controlled by interactions of Hsp70 with struc-
tural components of the channel (BoÈ mer et al., 1997;
Hamman et al., 1998). In both cases a protein with a
DnaJ-function (see below) is localized close to the chan-
nel and interaction of this protein with Hsp70 is required
for the ATP-driven translocation of precursors through
the channel. Finally, Hsp70 assists in folding of precur-
sors on the trans side.
The Hsp70 Chaperone Machinery
The Hsp70 chaperone machines are essential to a vari-
ety of processes such as protein folding, disassembly
of oligomers, protein degradation and protein transloca-
tion (Bukau and Horwich, 1998). By an iterative process
of binding and dissociation of peptide domains, Hsp70
prevents the aggregation or folding of polypeptide trans-
location intermediates. Hsp70 proteins contain a con-
served N-terminal ATPase domain and a more variable
C-terminal peptide binding domain. At the start of a
cycle, substrate proteins are bound reversibly by Hsp70-
ATP. ATP hydrolysis is then thought to induce a confor-
mational change, enhancing the affinity of the Hsp70
Figure 1. Hsp70 and Polypeptide Translocationfor its substrate to form a stable substrate-Hsp70-ADP
(1) Hsp70-ATP is recruited to the translocation channel by a proteincomplex. All known Hsp70s have a DnaJ type (Hsp40)
containing a J domain or J-related segment.cochaperone or a partner with the signature region of
(2) The J-related protein stimulates ATP hydrolysis by Hsp70, whichthese proteins, called the J domain, which is responsible
changes conformation and binds precursor tightly.
for interaction with Hsp70 (Kelley, 1998). The DnaJ co- (3) Backsliding is possible if Hsp70 releases the precursor upon
chaperone cooperates in the Hsp70 cycle by stimulating spontaneous or GrpE-induced nucleotide exchange.
its low intrinsic rate of ATP hydrolysis. Thus, if DnaJ (4) Pulling: A more dramatic conformational change can result in
pulling and unfolding of part of the precursor.is held in proximity to a substrate, a weak transient
(5 and 6) Trapping: Hsp70-ADP remains bound to the precursor andinteraction between the unfolded polypeptide and Hsp70-
diffusion though the channel can occur. A second Hsp70 might beADP is converted to a stable polypeptide-Hsp70-ADP
recruited by the J-related protein and trap a second peptide domain.
complex. In bacteria and in the mitochondrial matrix a
third component, the regulatory subunit GrpE, recycles
Hsp70 by stimulating the exchange of ADP for ATP. On be needed to allow import of one precursor. Further-
exchange of nucleotide, Hsp70-ATP is released from more, the presence of folded domains or a strong inter-
the translocation substrate (Bukau and Horwich, 1998).
action between the precursor and the walls of the chan-
The spatial distribution of the cochaperones is critical
nel will impair transport. An alternative but not mutually
to the coordination of Hsp70 function. The cochaper-
exclusive view is that Hsp70 binds to incoming polypep-
ones ensure that substrates are both bound and re-
tides and actively pulls the peptide substrate, exertingleased at an appropriate place and time by regulating the
force on the channel. This model requires that the Hsp70ATP cycle of Hsp70. In the yeast ER, the transmembrane
anchor transiently to the trans side of the channel. Theprotein Sec63p provides a J domain specific for BiP
conditions for each model are satisfied in the ER andrecruitment, and in the mitochondrion, Tim44p contains
in mitochondria but a clear and direct experimental dem-a J-related segment that functions as a J analog in the
onstration of either has been difficult to develop.recruitment of mtHsp70. In both these protein uptake
Evidence for Trapping in the ERsystems, the J domain/J-related segment is strategically
In a recent paper in Cell, Matlack et al. (1999) show, usinglocated on the trans side of the membrane at or very
only purified components in an elegant and efficientclose to the translocation channel (BoÈ mer et al., 1997;
reconstituted system, that a trapping action is sufficientLyman and Schekman, 1997).
to explain the role of BiP in moving a factor and pro-Trapping and Pulling: Two Models for the Role
OmpA precursors through the ER translocation pore. Asof Hsp70 in Translocation
predicted by the trapping model, several BiP moleculesTwo models have been proposed for the role of organel-
bind to each polypeptide translocating through a Sec61lar Hsp70 function in protein translocation (see Figure
channel. However, in the absence of BiP, or in the pres-1). In the trapping model, also known as the Brownian
ence of a C-terminal mutant form of BiP that forms aratchet model, the polypeptide diffuses spontaneously
weak peptide-BiP-ADP complex, the translocating chainthrough the channel due to Brownian motion (Simon et
appears to slide back and forth within the channel. Inal., 1992). Any peptide domain that appears on the trans
order to detect such motions, Matlack et al. employedside of the channel associates with luminal Hsp70. ATP
a secretory precursor with a bulky, C-terminally tetheredhydrolysis serves to trap the incoming precursor, pre-
tRNA that becomes implanted in the channel whenventing backward motion. Thus, Hsp70 functions to bias
translocation approaches completion. In the presenceBrownian motion, just as the slanted teeth and pawl of
of ATP and BiP this chimera remains stuck in the channela ratchet only allow motion in one direction. Because
and the precursor is rendered inaccessible to attack byeach additionally translocated segment must be trapped,
this model predicts that several Hsp70 molecules will an exogenous protease. When ATP is depleted, BiP is
Minireview
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not recruited to translocating chains on the luminal side Trapping and Pulling in Relation to Folding
of the channel and the chimera slips back to the vesicle Because protein import into mitochondria is largely
exterior where it is exposed to and degraded by a prote- posttranslational, the folding problem has received
ase. Surprisingly, transport-competent vesicles were re- more attention in this system than in the ER. Precursor
constituted with antibodies against a factor in place of binding and presequence insertion into the outer mem-
BiP. Translocating a factor precursor is trapped by these brane pore leads to partial unfolding. However, the bulk
antibodies almost as efficiently as by BiP, thus showing of the unfolding activity in mitochondria depends on
that the ATPase cycle itself is not required for transloca- the combined action of Tim44 and the matrix Hsp70,
tion of a polypeptide. particularly in those instances where the presequence
Forward transport is not the only function of the ER is long enough to span both envelope membranes (Ma-
translocation channel. Misfolded proteins are removed touschek et al., 1997; Gaume et al., 1998). In the mamma-
from the ER by a retrograde transport mechanism that lian ER, cotranslational translocation obviates the fold-
depends on the function of Sec61p. An attractive aspect ing problem. However, in yeast, and particularly in
of the trapping model is that it allows transport in two mutants deficient in signal recognition particle (SRP),
directions, and therefore it can also be applied to the the cotranslational pathway may be bypassed for a post-
retrograde transport of misfolded precursors. Trapping translational route in which secretory protein folding is
in this case could be provided by the covalent coupling retarded by the action of cytoplasmic Hsp70s.
of ubiquitin or by a J domain protein, transiently attached Our knowledge of protein folding is largely based on
to the cytoplasmic side of the channel, in concert with
in vitro experiments. In some instances, the rules devel-
a Hsp70 (see Matlack et al. for references). However,
oped from analysis of cell-free import reactions havedislocation of integral membrane proteins may well re-
been verified in vivo. A DHFR fusion protein can foldquire a pulling mechanism.
in an intact cell before import into mitochondria andEvidence for Pulling in the Mitochondrion
methotrexate, which stabilizes the folded state, blocksGenetic and biochemical evidence described by Voisine
import of the hybrid protein in vivo (Wienhues et al.,et al. (1999) in the same issue of Cell convincingly shows
1991). The assumption is that chimeric proteins reflectthat Hsp70 in the mitochondrial matrix (mtHsp70) drives
the normal path, though the rules may apply somewhatimport more directly than can be explained by a trapping
differently to the great variety of natural translocationfunction alone. Previous work demonstrated the impor-
substrates.tance of an interaction between mtHsp70 and Tim44, a
Although prepro-a factor and proOmpA appear to beJ-related subunit of the inner membrane translocation
translocated by the more passive trapping mechanism,complex. One mutation in the mtHsp70 peptide-binding
these proteins associate with cytoplasmic chaperonesdomain interferes with Tim44 binding and with the im-
that allow them to be posttranslationally translocatedport of proteins that possess a tightly folded domain.
in their natural hosts S. cerevisiae and E. coli, respec-However, less tightly folded proteins are imported with
tively. As a result, these substrate proteins may nothigh efficiency into mutant mitochondria, but within
achieve a tightly folded structure prior to translocationthe mitochondrial matrix the precursor remains incom-
in vivo, or in vitro. Thus, a more stringent test of thepletely folded in a complex with the mutant mtHsp70.
These results suggest that the mutant can trap a loosely pulling mechanism in the ER would be to use substrates
folded chain but not pull a tightly folded chain because that are allowed to form tightly folded domains.
it lacks the ability to use Tim44 as a membrane fulcrum. Trapping and pulling may work in concert to complete
Interestingly, intragenic suppressors of this mutant Hsp70 the translocation of a natural transport substrate. At the
restored binding to Tim44 and the ability to import both onset of import, the presequence or signal peptide may
loosely and tightly folded precursors, but imported pro- enhance the conformational flexibility of an N-terminal
teins remained incompletely folded. Again, in contrast domain, allowing a significant fraction of the polypeptide
to the predictions of the trapping model, Voisine et al. to unfold and be translocated by the sliding and trapping
report that at reduced levels of mitochondrial ATP, pre- mechanism. Fluctuations in the conformation of even
cursors tethered in a transmembrane configuration dis- stable folded peptide domains could lead to the forma-
played an increased association with Hsp70, yet the tion of partially unfolded structures. More tightly folded
inward pull was reduced. This result contrasts with pre- domains may require a vigorous pulling mechanism to
viously published data by Ungermann et al. (1994), who
bias the equilibrium to an unfolded state. Such pulling
found that upon ATP depletion mtHsp70 was released
could be achieved by a conformational change in anfrom a membrane-tethered DHFR fusion protein. The
anchored Hsp70. To achieve a power stroke, either tan-reason for this discrepancy is not clear but it may relate
dem Hsp70s could pull and trap or alternating Hsp70sto small but important differences in the DHFR fusion
associated with adjacent membrane anchors could pullproteins used in these investigations.
sequentially on a substrate molecule. Adjacent mem-Even in the presence of ATP and functional Hsp70,
brane anchors may be available in the ER where severalsome limited backsliding of the translocating chain is
SEC complexes together form one pore (Hanein et al.,detected in the ER system, whereas in the mitochondrial
1996). However, the stoichiometry of J-related proteinssystem, at least with the DHFR-fusions of Voisine et
and channels is not known in the ER or mitochondrialal., such backsliding is not observed. Because of the
system. Of course, the J-related protein may not be theabsence of a GrpE cochaperone in the ER, BiP may
only point of contact between Hsp70 and a channel. Inexchange nucleotide more rapidly than mtHsp70. This
the mammalian ER, which appears to lack an essentialcould explain why backsliding in the presence of ATP
is more readily observed in the ER system. Sec63 subunit, BiP interacts with the Sec61 channel
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during cotranslational translocation and mtHsp70 inter-
acts with the Tim17 channel component of mitochondria
(BoÈ mer et al., 1997; Hamman et al., 1998).
During translocation, sorting signals such as those
that mediate insertion into the membrane or, in the case
of fumarase, translocation back to the cytoplasm must
be decoded (see the discussions in Ungermann et al.,
1994, and in Gaume et al., 1998). Sorting signals may
need to be in a particular secondary structure to allow
productive contact with components of the transloca-
tion machine. The phenotypes of mutations within sort-
ing signals may in part be explained by the action of
Hsp70 to destabilize such a structure. Indeed, certain
mutations in sorting signals can be suppressed by le-
sions in mtHsp70, and interactions between the inner
membrane translocation machinery and a precursor can
be detected (Dekker et al., 1997; see also discussion in
Gaume et al., 1998).
Perhaps a combination of passive trapping to ensure
the expression of a sorting signal and active pulling
to unfold difficult segments may allow a translocation
apparatus to accommodate the full range of transported
proteins.
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